The data were corrected for the fraction of activity which was produced by epithermal neutrons, the self-shielding of thermal neutrons by the foil during irradiation, the small contribution by the backscatter from the foil support, and the contributions of gamma and X-rays to the counting rate.
The multiple beta spectra of indium produced a minimum in the selfabsorption and self-scattering correction curve in the GM detector at about 2 2
1 mg/cm of sample and a maximum at about 12 mg/cm of sample. This is due to the balancing of the effects of self-absorption and preferential forward scattering in the narrow geometry GM detector. The self-absorption curve for indium in the Z TT counter has the expected shape for a beta emitter with multiple spectra. The self-scattering and self-absorption correction factors for a 100 2 mg/cm indium foil are approximately 1. 5 for a GM detector at 7 per cent geometry and about 3 for a 2 TT counter.
This report is based upon studies conducted for the Atomic Energy
Commission under Contract AT-11 -1-GEN-8 .
I. INTRODUCTION
The induced beta activity of indium foils is frequently used to evaluate thermal neutron fluxes or to calibrate thermal neutron radiation meters. One method of obtaining absolute thermal neutron fluxes is to use a combination of an indium foil and counter which has been calibrated by a known neutron flux, such as that obtainable by using a standard pile. An alternative method would be to determine the absolute disintegration rate of an activated indium foil m conjunction with the known thermal neutron capture cross section. This laboratory is interested in the possibility of developing the latter method For this reason, study was made of some of the problems involved in making measurements of the absolute disintegration rates of indium foils.
It would be desirable to expose all the foils so that every mass elennent of each foil received the same kind and amount of exposure. Then the measured activations per unit mass would reflect only beta self-shielding and scattering effects, as far as the foil is concerned. However, there are two neutron effects which prevent this ideal type of exposure. The beam used contained both epithernnal and thermal neutrons. Whereas there is but a small self-shielding effect for thermal neutrons (and this accounted for in this work), there is a very strong absorption by the foil at the indium resonance energy of 1 . 4 ev.
For this reason, measurements were made of the cadmium ratio so that a comiputation would be possible of the fractions of the induced activity due to thermal neutrons alone. This will lead, of course, to estimation of the absolute disintegration rate of the foil due to activation by thermal neutrons alone.
Determination of absolute beta activities requires the knowledge of the effects introduced by the sample's self-absorption and self-scatter, absorption in the air and window of the detector, the geometry and efficiency of the detector, backscattering of the sample support, and contributions from radiations other than betas resulting from the decay of the nucleus. Though many workers have 12 3 given calculated and experimental correction factors for various effects, ' ' no data have been found in the literature that would be directly applicable to indium. In general, such data may not be applicable unless the true disintegration energy and decay scheme of the isotope is well known For much of the existing data on the measurement of absolute beta activity from thick samples there is the difficulty that the usual detector employed, an iG5
05 ' detector to obtain self-absorption data will result in curves that contain the effect of different angular distributions for each thickness of sample used. In the case of a counter subtending a very small solid angle about the normal to a thick specimen, the observed activity per unit solid angle will be twice the average obtained by measuring over all angles. This phenomenon may prevent one from extrapolating self-absorption data to zero thickness of sample unless rather complete absorption data are obtained from nearly weightless specimens. If self-absorption curves are obtained with a 2 •"" geometry detector, the angular distribution variations for different sannple thicknesses will not affect the counting rate.
Correction for the absorption by air and in the window of the detector is usually made by extrapolating an absorption curve. However, it is known that the shape of the absorption curve depends critically on the positions of the absorbers with respect to the source and window. Without a theory relating the absorption and scattering of air (and window) with that of the absorbers, there exists no guide to the manner in which the extrapolation is to be made.
These' difficulties are accentuated when an important fraction of the beta spectrum consists of low energy components. The use of a windowless detector eliminates the need for making corrections of this nature.
Backscattering from the sample support can be minimized by making the suppot't much thinner than the sample. By additional measurements with thick sample supports, backscattering factors can be determined.
Contributions from radiations other than betas can be evaluated by absorption measurements.
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The purpose of this paper is to determine the correction factors for selfabsorption, self-scattering, and backscattering for a variety of indium foils. The 8 absolute disintegration rate of an activated indium foil can then be determined from the observed activity of a foil whose thickness is within the range of the data presented.
II. METHODS
The absolute beta activity of a foil may be related to the counting rate per milligram (specific activity) as follows: f is the self-absorption and self-scattering correction factor and is the ratio of the counting rate of the sannple to the counting rate of a sample with the same activity but of zero thickness.
f ,, is the efficiency factor of the detector system and is the ratio of eff ' ' the number of betas actuallycounted to the number incident on the counting volume. f is the geometry factor and is the ratio of the solid angle subtended geom " ' ^ by the detector window at the source to 47r. x is the thickness of indium foil in milligrams/cm . f is the factor to account for air and window absorption, w ^ fy is the photon counting correction factor and is the ratio of the observed counting rate due to photons plus betas to the counting rate that would result for betas alone. .LB5
where,
A(x) is the total specific activity.
R(x) is the fraction of the total activity due to thermal neutrons only, if there were no self-shielding of the foil to thermal neutrons.
a(x) IS the ratio of the activity induced by thermal neutrons to that which Equations (1) and (2) may be combined to obtain f , the self-absorption and self-scattering correction factor
III. MATERIALS
All the foils used were commercially pure indium (purity 99.97 per cent) with dinnensions 1.0 centimeter by 1. 0 centimeter, and with thicknesses ranging 2 2 from 100 mg/cm down to approximately 30 figm/cm . In the range from 100 2 2 2 mg/cm to 20 nng/cm , rolled foil material was used. Indium foils of 1 5 mg/cm less were evaporated on supporting films using the apparatus pictured in . The methods used tor preparing the very thin collodion films are standard and have been described by 7 Warshaw and others. In one case the thin foil was prepared by evaporation onto 2 0 5 mg/cm Pliofilm.
All supporting films of the foils were mounted on 1. 5-inch diameter graphite rings (see Fig. 2 ). Graphite was chosen as the supporting ring material both because of its low scattering cross section for the betas emitted by the activated indium and also because of its suitability for placennent in the graphite moderator of the water boiler reactor used for the irradiation. Additionally, the graphite used is sufficiently pure so that no induced long-lived contaminant activities interfered with the counting of the betas emitted by the indium.
All the rolled foils were weighed to determine their thicknesses For the 2 evaporated foils down to 1 mg/cm the thickness was determined by weighing the assembly both before and after the evaporation of the indium. For the very thinnest indium foils the thicknesses were determined both by difference weighing and by a spec tro-chemic al technique. In this latter method the indium was dis- 
IV. INSTRUMENTATION
As mentioned above, considerable simplification is introduced if f ^^ and ^ eff f are equal to unity (see Eq. (4)). If the detector has a 2 TT counting geometry, the different angular distributions of the emitted betas for different sample thicknesses do not introduce an additional correction factor. Also a 2 TT counting geometry has a higher counting yield as compared with background. For the above reasons, a windouless proportional counter with a 2 TT geometry, for which f ^^ = f =1, was used as the detector in these experinnents. eff w ^ Specifically, the detector used is a modified Nuclear Measurement
Corporation proportional counter convt^rter Model PCC-10. It is a flow counter using an argon-methane mixture at atmospheric pressure as the counting gas.
The modification introduced permitted counting determinations to be made with and without a backscattering material. This was accomplished by replacing the standard brass support for samples by a hollow aluminum cylinder to support the indium foil assembly (see Fig.  3 and 4) . The aluminum cylinder was made with a sufficient distance between the indium foil and the surrounding structure to eliminate all backscattering except that from the film supporting the indium.
Since most measurements of beta activities made in the past have been accomplished with GM detectors, it was decided to make a series of measurements for comparison of the results obtained with two different types of detectors. 2 A standard GM counter, Tracerlab Model TGC-2 with a 1.9 mg/cm mica end window, was used with the sample placed on the second shelf, 2. 2 centimeters from the window. In order to perform the backless counting with the GM detector, a special aluminum support was used to hold the irradiated sample.
V. EXPERIMENTAL

A. IRRADIATION PROCEDURE
The indium was activated by placing it in a standard geometry in one of the graphite stringers in the reflector of the North American Aviation Inc. , solution nuclear reactor (water boiler). The irradiations for foils with thicknesses greater than 1 mg/cm were for a period of approximately 6 minutes at a power level of 0. 1 watt. For the thinnest foils, power levels up to 1 watt and times of 12 minutes were employed. To normalize the exposure for the various 2 power levels used, a monitor foil of 100 mg/cm was irradiated in a standard geometry in the reactor at the same time as the sample foil of interest. After withdrawal from the reactor, there was a waiting time of 20 minutes for those cases in which the mounts contained the aluminum supporting ring. Otherwise, virtually no waiting time was necessary. The waiting time allowed for the decay of the high level, short-lived activity of the aluminum ring supporting the Formvar.
B. COUNTING PROCEDURE
The activated indium foils were counted alternately in the 2 TT proportional counter and in the CiM detector with and without a thick backing of silver. Initial-^^, difficulties were met in the proportional counter in the form of decreasing counts beyond that expected from decay. This was due to charges accumulated 12 iB5on the semi-conducting films used as backing material for the indium. These effects were eliminated by using a polonium static eliminator in conjunction with brushing the film lightly before each count determination was made.
Total counts tabulated from the different foils, in the proportional counter 2 2
ranged from approximately 6000 to 700,000 for foils of 30 ^g/cm to 100 mg/cm
For the low counting foils several repetitions of irradiations and counting for the same foil were made in order to decrease the statistical uncertainty. The corresponding total count in the GM detector ranged from 1000 to 100,000 counts for the same range of thicknesses. Three such counts were always taken and individually corrected for the wait time and counting time back to the moment of reactor shutdown. The average value of the three determinations was the finally accepted one. The total count for the 100 mg/cm monitoring foils was always in the range of 600,000 for the Irr geometry and about 100,000 for the GM detector. The total count observed in the GM detector was corrected for dead time losses. In the ZT( detector no resolution corrections were necessary.
C. BACKSCATTER OF THE SUPPORT
The indium samples were supported by collodion. Pliofilm and Formvar used respectively for the lightest, intermediate, and heaviest indium samples.
Each material had a backscattering effect which was a function of thickness of indium sample and the type of detector used. It was assumed that for small increments of thickness of the mounting material the backscatter was proportional to the thickness. In accordance with this, the backscatter was determined in the following way: an initial count was taken of the sample mounted on a given material; then an additional layer of mounting material was placed underneath the sample and a second count was taken. The ratio of this latter count to the former gives the backscatter factor for the increment of added mounting material employed, and for the thickness of indium sample used.
VI. RESULTS
When thermal neutrons are used to activate foils, there is a self-shielding effect that results in a lowered activity per milligram for a thicker foil than for a relatively thin foil when both have been irradiated in the same isotropic integrated thermal neutron flux. Corrections for this effect have been computed g on the basis of a method suggested by Bothe and are given in Appendix B. The data presented in this report have been corrected for this effect.
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The experimental data obtained from the neutron activation of indium foils are given in Tables B-I to B-IV. These tables also include information about the small corrections due to the thin mounting material used to support the backless samples.
The curves of Fig. 5 and 6 are based on data obtained with the 2 IT proportional counter. Figure 5 gives f , the self-absorption correction factor for s the case in which no backscattering material additional to the supporting film was used, whereas Fig. 6 gives f f, f,^ for.a thick silver backing. The data ' * * s bs / ' in Fig. 7 and 8 were obtained in the end window GM counter with the sample always placed on shelf 2 (2.2 centimeters from the window). Figures 7 and 8 are respectively for the cases of no backscattering material and for silver backing.
A relatively small fraction of all counts in both types of detectors were due to gamma and X-rays emitted by the activated indium atoms. The correction factor, fy, for this effect was obtained by means of absorption curves, and the results are given in Tables B-I Thus, these data reflect counts due to betas only. Figures 6 and 8, obtained with thick silver backing, have not been corrected for photon counts. This was done to simplify the procedure for making corrections to total counts so that the absolute counting rates of indium foils could be obtained by dividing observed counting rates by the ordinates of these curves. Figure 5 gives the self-absorption factor for indium with no backing, in a windowless 2 TT geometry detector. The curves have the expected shape for a beta emitter possessing two or more continuous beta spectra. The effect of changing preferential forward scattering witli increasing sample thickness has no effect on the count. Thus one observes only the effect of self-absorption which increases with the sample thickness. As is the case for an ordinary bsorption analysis of a mixture of beta spectra, the initial steep portion of the semi-log plot arises mainly from the absorption of the lower energy component. The remaining portion of the semi-log plot arises from the absorption 14 1B5of the higher energy components. In the case of indium-116, there are three known beta spectra with estimated maximum energies of 0.6, 0.87, and 1.0 Mev with relative intensities of 21, 28, and 51 per cent, respectively.
VII. DISCUSSION OF RESULTS
The authors of reference 10 state that 6 per cent of the total beta radiation deviates above the straight Fermi line at energies less than 250 Kev indicating the presence of a lower energy component.
By contrast. Fig. 7 gives the self-absorption and self-scattering factor for indium, with no backing, obtained by using a thin window GM detector. Figure 7 exhibits the same characteristics as does Fig. 5 but with one added feature. In a narrow geometry detector, such as is the case here, there is the additional well-known effect of increasing preferential scattering in the forward direction with increasing sample thickness. The addition of this effect to that of the absorption of the multiple beta spectra produces the minimum (at about 2 2 1 mg/cm of sample) and the maximum (at about 12 mg/cm of sample) shown 2 in Fig. 7 . The first portion (less than I mg/cm ) of Fig. 7 is due to selfabsorption of the soft beta spectrunn. As. the sample thickness increases the preferential forward scattering tends to increase the count. The balancing of these two effects produces the minimum. Further increases in sample thickness cause an actual increase in counts due to the increased effect of the preferential forward scattering. However, the absorption of the more energetic components of the beta spectra present becomes important also. The balancing of these latter two effects produces the maximum that is observed.
The nnaximum in Fig. 7 116. 5 It has been shown that the increased forward scattering with a thick sample into a narrow geometry detector results in recording an activity per unit solid angle which is twice that which would be observed if the detector counted an average over all angles. To check this point the curve shown in Fig. 9 was computed. The ordinate is the ratio of the sample activity as measured with the narrow geometry detector to that djetermined with the 2 IT detector (which effectively measures an average over all angles); i. e. , the ^^tio of Fig. 7 or Fig. 8 to Fig. 5 or Fig. 6 respectively. As Fig. 9 indicates, the ratio of small geometry activity (<< 2 TT) to that of the 2 v geonnetry activity varies from unity at small thicknesses (no preferential scattering) to approximately 2, 1 at the greater foil thicknesses. The 5 per cent deviation from 2. 0 is within the limits of the estinnated experin^ental error.
Further evidence to support the above explanation is the fact that the initial slope of both Fig. 5 and 7 are very nearly the same; e. g. , at 350 2 ^gnn/cm of sample, both curves are down to about 90 per cent of the initial value (see nnagnified portions of these figures). The same self-absorption is occurring in both samples in the two detectors; however, the additional phenomena of preferential forward scattering in a narrow geometry detector is not 2 important for sample thicknesses of indium less than 1/2 mg/cm . Thus, one would expect the same absorption curves for both detectors for these extremely thin samples.
One may obtain quite complex self-absorption curves when a narrow geometry GM detector is used. In the present case, the use of a relatively 2 2 thin window (1.9 mg/cm ) and an air absorption path of 2.5 mg/cm permitted this initial soft component absorption to be observed. Had the GM window been 2 3 to 5 mg/cm in thickness, the energy cutoff would have been such that the initial portion of Fig. 7 would not have been detected. Instead one would.have observed a curve similar to those reported in the literature with a simple maximum. For a beta emitter with a single beta spectrunn, of relatively high energy, this effect of the air-window thickness is not critical. On the other hand if the spectra are nnultiple in nature and contain appreciable percentages of low energy components, very thin air-window thicknesses are necessary to enable useful self-absorption curves to be obtainable. Because of these complexities it is better to employ 2 TT or 4 TT detectors with thin or no windows to obtain accurate self-absorption data. 
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As the sample thickness increases one would expect the backscattering factor to approach unity for all detectors. The ratio of Fig. 5 and 6 and Fig. 7 and 8 show backscattering factors of about 1.04 for both detectors at a sannple 2 thickness of 100 mg/cm when both have been corrected for the effect of photons.
2 The correction to be applied to a 100 mg/cm foil to compensate for the effect of self-absorption is almost 3 in 2 77" geometry. The self-scattering and 2 self-absorption correction for a 100 mg/cm foil counted in a GM detector with 7 per cent geometry is approximately 1.4. In practical applications when an infinite silver backing is used for supporting the foils the corresponding correction factors are 2. 7 and 1.33.
VIII. ERRORS
The estimated errors that affect the accuracy of the curves in Let the relation between A , (x) and the measured bare activity of the foil,
A(x), be restated as follows:
... (2) where, R(x) is the fraction of the total activity due to thermal neutrons, if there were no self-shielding of the foil to thermal neutrons.
a(x) is the ratio of the activity induced by thermal neutrons to that which would have been induced in the foil if there were no neutron flux depression i. e. , the relative activation per unit mass.
Cadmium Ratio
Computation of R(x) has been based on data obtained by exposing a variety of indium foil thicknesses which were irradiated alternately with cadmium covers and bare. This procedure allowed the determination of the cadmium ratio (CR);
i.e. , the ratio of the bare to the cadmium covered activities. Cadmium ratios for relatively thick foils give the ratio of epithermal to thermal activities, but not the ratio of epithermal to thermal fluxes. This is due to the fact that thick indium foils are effectively, "black" to 1.44 ev resonance neutrons while the absorption of thermal neutrons by the same foil is considerably less. Thus, the CR varies as a function of indium foil thickness. In order to compute flux ratios or thermal flux only, it is necessary to use extremely thin foils in which the effects described above are negligible. This is the relation used to compute the fraction of the induced activity in a bare foil due to thermal neutrons in terms of the cadmium ratio for a given foil of thickness (x) mg/cm and is given in Table B-I.
Effect of Thermal Neutron Flux Depression
The analysis presented in this paper assumed that the induced activity per milligram was the same for foils of all thicknesses. The use of a monitor foil did insure that all the observed activities were referenced to the sannc integrated thermal neutron flux. However, the fact that the foils do absorb thermal neutrons results in a diminution of flux as a function of foil thickness.
Thus, there will be a lower activity per milligran-i for a thicker foil than for a relatively thin one when both have been irradiated in the same isotropic integrated thermal neutron flux.
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